Abstract. Indium K-edge EXAFS measurements were carried out to study local structures around In atoms in In x Ga 1-x N multi-quantum-well (MQW) structures of 10 periods with In 0.2 Ga 0.8 N (2.5 nm) and In 0.05 Ga 0.95 N (7.5 nm). We found the following: (1) 
INTRODUCTION
In x Ga 1-x N is a key material in high-brightness blue/green light-emitting diodes (LED) and purplishblue laser diodes (LD). Even though such devices have very high densities of threading dislocations, they show high quantum efficiencies. Mole fluctuations of In atoms in In x Ga 1-x N active layers is proposed as the origin [1] . The local structure around In atoms in the single-quantum-well (SQW) In x Ga 1-x N (x=0.145, 0.20, 0.275) were studied by EXAFS [2] : In atoms are aggregated and located at the top and bottom in the vertical direction of the SQW plane. The In-In in-plane distance is smaller than that out-of-plane. This means that SQW of InGaN is biaxially compressed in the a-bplane by the effect of adjacent layers.
In this paper, we discuss the local structure around In atoms of In x Ga 1-x N multi-quantum-wells (MQW), where the samples are set to horizontal and vertical to the X-ray polarization electric vector. The results are discussed and compared with results of a previous SQW study [2] .
EXPERIMENT AND DATA ANALYSIS
The samples were MQW structures of 10 periods of In 0.2 Ga 0.8 N (2.5 nm) and In 0.05 Ga 0.95 N (7.5 nm), grown by metal-organic chemical vapor deposition (MOCVD) on sapphire (0001) substrates. X-ray absorption measurements were carried out at BL10XU of SPring-8. The data were collected with a Si (111) double-crystal monochromator in order to obtain high intense X-ray flux. In K α -fluorescence X-rays were detected by a 19-element Ge solid-state detector. The angle between incident X-ray beam and the sample plane was about 3 degrees and the samples were set in both horizontal and vertical directions relative to the electric field vector of the incident X-ray beam. The sample was continuously rotated from -2 to 2 deg in the MQW plane during the measurement in order to remove Bragg diffraction from the crystalline sample.
We analyzed the experimental EXAFS data using the XANADU [3] (data processing) and FEFF8.10 codes [4] (ab intio calculation for EXAFS parameters). To obtain the structural parameters, non-linear leastsquare-fitting was applied to the experimental data, described as:
where r, N and σ are interatomic distance, coordination number and Debye-Waller factors, respectively, for each atomic pair. The phase shift φ(k), backscattering amplitude f(k,r) and electron mean free path λ(k) were obtained from FEFF8.10 calculations [4] . We performed curve-fitting for k 3 -weighted EXAFS data. In order to compare the MQW data with the SQW data, we show the EXAFS results of a In 0.20 Ga 0.80 N SQW [2, 5] . The sample species are listed in Table 1 [6] . In this table, the average In concentration is calculated using the thicknesses and the In concentration of the In x Ga 1-x N active and barrier layers. The EXAFS amplitude for the MQW is larger than that for the SQW. Figure 3 shows the Fourier transforms for the In K-edge EXAFS for MQW. The k-range for the Fourier transform is 2.7-13.3 Å -1 . The 1st peak at 1.5 Å corresponds to the In-N atomic pair while the 2nd peak at 2.8 Å corresponds to the In-In and In-Ga atomic pairs. Figure 4 shows the Fourier transforms of the In 0.20 Ga 0.80 N SQW for comparison [2] . The k-range is the same as in Fig. 3 . For the 1st peak, the difference in peak intensities between MQW and SQW [2] is not large. However, for the 2nd peak, the peak intensity of In x Ga 1-x N the MQW is considerably larger than that of the SQW. In this work, we performed the EXAFS curvefitting for only the 2nd peak in the horizontal and vertical directions, because we are interested in the behavior of the In-In atomic pair. The structural parameters are listed in Table 2 . The k-range for fitting is 3.2-12.2 Å -1 . First, we discuss the difference between MQW and SQW [2] . In Table 2 , the Debye-Waller factors for the In-In (around 0.04 Å) and In-Ga (around 0.06 Å) atomic pairs in MQW are smaller than those in SQW (0.08 Å and 0.07 Å, respectively) [2] . Especially, the difference for the In-In pair is prominent. This result corresponds to the differences of the intensities of the 2nd peak in Figs. 3 and 4 .
RESULTS AND DISCUSSION
Next, we discuss the difference between the horizontal and vertical polarization results. In the case of the SQW, the In-In proportion (or coordination number, N) is higher for the vertical direction (N=4.4) than for horizontal direction (N=2.1). This indicates that the In atom is aggregated in the vertical direction [2] . On the other hand, in MQW the N for In-In is the same for the horizontal and vertical direction (N=1.2). This result indicates that the near-neighbor In atom is isotropically distributed around the absorber In atom in MQW. The average In concentration is 0.088 in this MQW, therefore the expected N is 1.1 if the In atoms are randomly distributed. The value of N (=1.2) is quite close to this value. The interatomic distances (In-In 3.28 Å and In-Ga 3.26 Å) in the vertical direction is longer than that in the horizontal direction (In-In 3.26 Å and In-Ga 3.22 Å) for SQW, where the InGaN layer is biaxially compressed in the a-b-plane by the effect of the adjacent layers. On the other hand, those in both directions are the same for MQW (In-In 3.25 Å and In-Ga 3.24 Å). Judging from these results, it is concluded that the strain in the In x Ga 1-x N MQW is reduced as compared to in the SQW [2] .
CONCLUSION
Indium K-edge EXAFS measurements were carried out to study the local structures around In atoms in In x Ga 1-x N MQW structures. We found the following: (1) Debye-Waller factors for the atomic pairs of In-In and In-Ga in MQW are smaller than those in SQW; (2) The difference in the interatomic distances of In-In and In-Ga between the horizontal and vertical direction is small in MQW; and (3) In atoms are randomly distributed in-plane and out-of-plane. These results indicate that the strain in In x Ga 1-x N layers is reduced in MQW compared to SQW. We found these clear differences between the local structures around In atoms in In x Ga 1-x N SQW and MQW.
